The color-tunable SrWO4:0.20Eu 3+ , Sm 3+ phosphors are successfully prepared by co-precipitation method at a low temperature (800 °C). These phosphors can be efficiently excited by near-ultraviolet and blue light. The phase formation, luminescence properties, energy transfer between Eu 3+ and Sm 3+ , and the critical distance were studied. The Sm 3+ ions as the sensitizer could extend the excitation spectrum and enhance emission. The CIE chromaticity coordinate was also presented. The emission hues covered the regions from pink, orange, to reddish-orange, and eventually to red, which can be controlled by adjusting excitation energy, calcination temperature, and doping rare earth ions ratio via the energy transfer. The high efficiency and high color purity red emitting SrWO4:0.20Eu 3+ , xSm 3+ (x = 0.005  0.01) phosphors have higher color saturation than the commercially available Y2O2S:Eu 3+ red phosphor, which is in coincidence with the National Television Standard Committee system standard for red chromaticity (0.67, 0.33). The obtained phosphors exhibit an excellent light emitting efficiency, color-purity and lower correlated color temperature of the comfortable warm white LEDs.
INTRODUCTION
 Strontium tungstate (SrWO4) has been widely used in optoelectronic industry and solid state laser system because of its interesting physicochemical properties, photocatalytic activity, cathodoluminescence, thermal expansion, and luminescence and so on. Recently, Eu 3+ ions doped SrWO4 has been intensively researched as a red emitting phosphor for near ultraviolet (UV) and blue lightbased white light emitting diodes (LEDs). They have been received widely attention recently due to their potential applications in catalysts, white LEDs, photoluminescent devices, solar cell, fluorescent lamps and more. Cavalcante et al. studied the Rietveld refinement and optical properties of SrWO4:Eu 3+ powders [1] . Hu et al. first observed the red afterglow of Eu 3+ in MWO4 (M = Sr, Ba) matrix [2] . There was an obvious charge imbalance in the lattice when Eu 3+ ions were substituted for Sr 2+ ions, which could affect the luminescence properties. The imbalance problem can be solved by charge compensation [3] . Among the trivalent rare-earth (RE 3+ ) ions, Sm 3+ ion is an excellent activator ion. For instance, one-dimensional Sm 3+ doped SrWO4 with or without different charge compensation approaches (co-doping Li + , Na + and K + ) orange phosphor have been reported [4] . Sun et al. investigated the formation process and the electron trapping luminescence properties of SrSO4:Sm 3+ phosphors [5] . Liu et al. synthesized the reddish orange Sm 3+ -doped BaTiO3 phosphors for white LEDs [6] . Singh et al. studied the predominant orange red light emission from Sm 3+ doped SrWO4 phosphors [7] .
Energy transfer (ET) from sensitizer to activator could enhance the emission of the activator. The energy can transfer from Eu 3+ to Sm 3+ in SrWO4 phosphors [8] [9] [10] and maybe it can enhance the photoluminescence (PL) properties of SrWO4:Eu 3+ phosphors. In this work, the SrWO4:Eu 3+ , Sm 3+ phosphors were prepared by the simple coprecipitation method in air atmosphere. The phase structure, morphology, PL properties, Commission Internationale de l'Eclairage (CIE) 1931 x-y indexes and color temperature were investigated in detail. Moreover, the ET mechanism was discussed in detail, and the critical distance of ET was calculated. The CIE chromaticity coordinate was also presented. The resulting precipitate was finally collected by many times centrifugation at 4500 rpm for 20 min and then dried at 80 °C for 2 hours. After that, the mixture was grounded thoroughly in an agate mortar and introduced into a muffle furnace maintained at 700 -900 °C for 2 hours. Finally, the dried powders were ground lightly and used for characterization.
EXPERIMENTAL

Preparation
Characterizations
The crystal structure was identified by SHIMADZU X-ray diffraction (XRD)-6000 using Cu Kα radiation (λ = 1.5405 Å). The field emission scanning electronic microscopy (FE-SEM) spectrum was measured using Hitachi S-4800. The excitation and emission spectra were recorded at room temperature using a Hitachi F-4500 with a Xe lamp.
RESULTS AND DISCUSSION
Structure and morphology
In order to characterize the crystal phase of the asprepared powder samples, the XRD pattern of the SrWO4:0.20Eu The crystal structure of SrWO4 is shown in Fig. 2 Fig. 3 . It can be clearly seen that the phosphors consist of large quantities of grains, and the average size of the grains is about 3 μm. From the high magnification SEM, it can be seen the grains is anomalistic but the surface is smooth. 
Photoluminescence properties
The excitation (left) and emission (right) spectra of SrWO4:0.20Eu 3+ , 0.01Sm 3+ phosphors are presented in Fig. 4 . Fig. 4 a shows the excitation (the black line under 613 nm excitation) and emission (the green, pink and red lines under 465 nm, 395 nm and 362 nm excitation, respectively) spectra. The excitation spectrum is found to consist of a broad excitation band at about 220 -330 nm and a series of much weaker electronic transitions of Eu 3+ (4f 6 ) in the longer wavelength region, which are listed in Table 1 . Among these excitation transitions, 395 nm ( 5 L6), 465 nm ( . The higher ones are located at 590 nm corresponding to the parity allowed magnetic dipole transition of 5 D0-7 F1 line. Fig. 4 b shows the excitation (the black line under 642 nm excitation) and emission (the green and red lines under 404 nm and 480 nm excitation, respectively) spectra.
The excitation spectrum has a broad excitation band at about 200 -310 nm, and it can be attributed to the charge transfer (CT) transition from O 2--Sm 3+ and W 6+ -O 2-, and the intra-configurational f-f transitions of Eu 3+ ions and the 4f-4f transitions of Sm 3+ ions in the longer wavelength region, which are listed in Table 2 . 3+ particles annealed at different temperature. As can be seen, the intensities are seriously affected by calcination temperature. With the increase of calcination temperature, the intensities of both excitation and emission peaks gradual increase firstly and then slightly decrease. The optimal calcination temperature is about 800 °C. The luminescence intensity increases up to about 3 times as compared to its as-prepared sample.
To study the effect of Sm 3+ dopant concentration on luminescence, the x values in SrWO4:0.20Eu gradually with increasing in Sm 3+ concentration. The results show that the emission intensity can approach its maximum value for Sm 3+ concentration of 0.01 molar ratio. When x exceeds 0.01 molar, the PL intensities decrease rapidly due to concentration quenching effect. The ET mechanism is related to the critical distance (Rc). If Rc has the large critical distance, electric multipole interaction will dominate. Otherwise, the energy exchange interaction is more effective, which is moving from the donor to the receptor [11] . In general, the key of the donor and recipient should be shorter than the distance of 0.5 -0.7 nm for the exchange interaction mechanism [12] . To analyze the mechanism of ET between Eu 3+ and Sm 3+ , which was dominated by the exchange interaction or electric multipole-multipole interaction, the Rc for SrWO4:0.20Eu 3+ , 0.01Sm 3+ can be calculated by the following equation [13 -15] :
where V and N are the volume of unit cell and the number of host cations in the crystal, respectively, and C0 corresponds to the critical concentration (the total concentration of Eu , and C0 equals to 0.21. According to the Eq. 1, the Rc can be calculated to be 0.9277 nm. The value here indicates the electric multipolar interactions are of importance for the ET mechanisms between Sm 3+ and Eu
3+
. Fig. 7 
Calculation of color coordinate of the crystals
As shown in Fig. 8 and Table 3 , the CIE chromaticity coordinates for SrWO4:0.20Eu 3+ , xSm 3+ (x = 0.001  0.05) under different excitation wavelengths were calculated using the following [16] : 
where X, Y and Z are the tristimulus values. Those values are given by the equations [17] :
where λ is the wavelength of the equivalent monochromatic light.   3+ doping concentration, which coincide with the NTSC system standard red chromaticity (0.67, 0.33). When x = 0.01 molar, the color purity is calculated to be 99.2 %. These results strongly suggest that the novel red phosphor can be commercially utilized in blue LED-based white LEDs with higher Ra.
The CCT is used to characterize light sources by the simple formulas as follows [ 
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where the xe = 0.3320 and ye = 0.1858. The color coordination and the CCT of phosphors are listed in Table 3 . These results reveal that the CIE chromaticity coordinates of SrWO4:0.20Eu
3+
, xSm 3+ (x = 0.005  0.01) is (0.67, 0.33) at white light CCT of about 3800 K. From these results, the Sm 3+ activated SrWO4:Eu 3+ can be commercially utilized in blue and near UV warm white LEDs with higher Ra.
CONCLUSIONS
In summary, a series of novel color-tunable Sm , xSm 3+ (x = 0.005  0.01) phosphors, which is in coincidence with the NTSC system chromaticity, have high efficiency, high color-purity, and higher color saturation than the commercially available Y2O2S:Eu 3+ red phosphor. In particular, we can appropriately tune color output by changing the ratio of doping rare earth ions concentration, excitation energy or calcination temperature. The obtained phosphors exhibit a high light emitting efficiency, good color-purity, and low CCT, which may be potentially applicable in comfortable warm white LEDs.
